Background: Electrical impedance tomography (EIT) is increasingly used for continuous monitoring of ventilation in intensive care patients. Clinical observations in patients with pleural effusion show an increase in out-of-phase impedance changes. We hypothesised that out-of-phase impedance changes are a typical EIT finding in patients with pleural effusion and could be useful in its detection. Methods: We conducted a prospective observational study in intensive care unit patients with and without pleural effusion. In patients with pleural effusion, EIT data were recorded before, during, and after unilateral drainage of pleural effusion. In patients with no pleural effusion, EIT data were recorded without any intervention. EIT images were separated into four quadrants of equal size. We analysed the sum of out-of-phase impedance changes in the affected quadrant in patients with pleural effusion before, during, and after drainage and compared it with the sum of out-ofphase impedance changes in the dorsal quadrants of patients without pleural effusion. Results: We included 20 patients with pleural effusion and 10 patients without pleural effusion. The median sum of outof-phase impedance changes was 70 (interquartile range 49e119) arbitrary units (a.u.) in patients with pleural effusion before drainage, 25 (12e46) a.u. after drainage (P<0.0001) and 11 (6e17) a.u. in patients without pleural effusion (P<0.0001 vs pleural effusion before drainage). The area under the receiver operating characteristics curve was 0.96 (95% limits of agreement 0.91e1.01) between patients with pleural effusion before drainage and those without pleural effusion. Conclusions: In patients monitored with EIT, the presence of out-of-phase impedance changes is highly suspicious of pleural effusion and should trigger further examination.
Editor's key points
Electrical impedance tomography has several potential applications in patients with respiratory failure. In this small study, differences in out-of-phase impedance on electrical impedance tomography were found between patients with and without a pleural effusion. There were also differences before and after drainage of an effusion. Electrical impedance tomography could be useful in detecting pleural effusion in intensive care patients.
Electrical impedance tomography (EIT) is a relatively new, non-invasive, and radiation-free imaging modality which can serve for a variety of purposes in critically ill patients. 1 Possible clinical applications include assessment of ventilation distribution, 2,3 detection of alveolar recruitment, derecruitment, overdistension, 4,5 tidal recruitment, 6 assessment of regional respiratory mechanics in controlled mechanical ventilation, 7 assisted spontaneous breathing, 8 quantification of ventilation heterogeneity, 9, 10 and individual adjustment of ventilator settings to improve lung-protective ventilation.
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EIT is increasingly used in patients with or at risk for respiratory failure. 12 Typically, lung aeration during inspiration leads to an increase in impedance in the ventilated lung areas, followed by a similar decrease in impedance during expiration. However, in some patients, regional out-of-phase impedance changes can be observed. These are characterised by a seemingly paradoxical decrease in impedance in some areas of the EIT image during inspiration, followed by an increase in impedance during expiration ( Fig. 1 ).
Clinical observations in patients with pleural effusion and previous studies 13, 14 suggest that out-of-phase impedance changes may occur when areas of high ventilation-related impedance change, such as the lungs, 15 are in close proximity to areas of low ventilation-related impedance change, such as the heart or fluid accumulations. This is most likely caused by an overshoot phenomenon introduced by the algorithms used for EIT image reconstruction 1, 16, 17 that may occur under these circumstances.
14 This is typically the case in patients with pleural effusion (Fig. 2) . While previous studies have assessed the effects of pleural aspiration on lung reaeration and reventilation, 18 to our knowledge the diagnostic value of out-of-phase impedance changes in the detection of pleural effusion has not been investigated.
We hypothesised that out-of-phase impedance changes in the dependent image quadrants are a typical finding in patients with pleural effusion and could be useful for the detection of pleural effusion in critically ill patients undergoing monitoring with EIT.
Methods
We conducted an observational study in three mixed surgical and medical intensive care units (ICUs). Patients were enrolled between January 2015 and June 2016.
EIT monitoring was initiated as per clinical decision by the attending intensivist in patients with acute respiratory failure or who were considered as being at risk for developing acute respiratory failure, taking into account clinical parameters such as gas exchange and impairment of respiratory mechanics. In-phase (pixel 1) and out-of-phase (pixel 2) impedance changes in a representative patient suffering from left-sided pleural effusion. Left: tidal image, illustrating the pixel differences between the time points of end-expiration (global impedance minimum) and endinspiration (global impedance maximum). Out-of-phase impedance changes are shown in purple colour. Right: time course of global (top) and local (bottom) relative impedance changes for the same patient over a period of 20 s. Pixel 1 shows a typical 'in-phase' behaviour with the global electrical impedance tomography (EIT) signal, whereas pixel 2 shows 'out-of-phase' behaviour that may be a typical finding in patients with pleural effusion. a.u., arbitrary units.
All patients were screened with ultrasound for evidence of pleural effusion on a daily basis. Ultrasound examinations were carried out according to routine clinical practice by the intensivist in charge. In general, this involved systematic bilateral assessment of the juxtadiaphragmatic pleural spaces with a 4 MHz convex probe. The decision to initiate drainage was based solely on the results of the ultrasound examination and on the attending intensivist's clinical judgement, who decided whether the sonographically estimated size of the effusion was large enough to allow safe thoracocentesis. EIT data were not taken into account for this decision.
All consecutive patients aged more than 18 yr with EIT monitoring and a clinical indication for drainage were enrolled in the pleural effusion group. Patients aged more than 18 yr with EIT monitoring in whom presence of a pleural effusion had been excluded sonographically by an experienced sonographer or who had undergone computed tomography (CT) for other reasons on the same day and showed no signs of pleural effusion, were enrolled in the control group.
Patients were excluded if there was uncertainty regarding the presence of pleural effusion, if a sonographically confirmed effusion was too small for drainage, or if the attending intensivist decided against drainage for other clinical reasons (Fig. 3) .
Because of the observational study design, a waiver of informed consent was granted by the Ethics Committee of the Medical Faculty of the Christian-Albrechts-University Kiel (D513/13).
In the pleural effusion group, PaO 2 /FiO 2 ratio and PaCO 2 were obtained from the last blood gas sample obtained before pleural drainage for baseline assessment and from the first blood gas sample obtained after pleural drainage for comparison with baseline. In the control group, PaO 2 /FiO 2 ratio and PaCO 2 were obtained from the last blood gas sample before the start of recording of EIT data. Basic patient characteristics, such as age, height, weight, and simplified acute physiology (SAPS) II score were extracted from the electronic patient record.
Recording of EIT data
EIT data were acquired at a scan rate of 50 images per second using the PulmoVista 500 device (Dr€ ager, Lü beck, Germany). The 16 electrode belt was attached to the patient's chest circumference at the level of the 4thÀ5th intercostal space, measured in the parasternal line.
In the pleural effusion group, a pigtail catheter for pleural drainage was introduced according to routine clinical practice by the ICU physician in charge. Before the start of pleural effusion drainage, EIT data were recorded during 1 min of normal tidal breathing or ventilation. EIT data were recorded continuously during drainage and 1 min after completion of drainage.
For insertion of the pigtail catheter, patients were positioned in the supine, semi recumbent, or sitting position, as indicated by the physician in charge. The patient's body position remained unchanged during the drainage procedure.
In the control group, 1 min of normal tidal breathing was recorded with EIT without any intervention with the patient in the supine or semi recumbent position.
Analysis of EIT data
EIT data were analysed off-line using the EIT Data Analysis Tool 6.1 (Dr€ ager) and Microsoft Excel 2010 (Microsoft, Seattle, WA, USA). The beginning and end of inspiration and expiration were detected from the global impedance waveform using the software's breath detection algorithm. The relative impedance values were calculated for every time point and image pixel as the difference between the current impedance and the reference impedance, divided by the reference impedance. Because it is a ratio, the resulting pixel values are commonly expressed in arbitrary units (a.u.) 1 . For every image pixel, we calculated the difference between the pixel value at end-inspiration and the preceding end-expiration. These pixel values were displayed as a tidal variation image. For data analysis, the tidal image was divided into four quadrants of equal size, comprising 16Â16 image pixels each (Fig. 1) . The overall sum of tidal impedance changes was calculated for the whole image and each quadrant. To calculate the sum of inphase impedance changes, we included only the values from pixels with tidal impedance changes >0. For out-of-phase impedance changes, only values from pixels with tidal impedance changes <0 were included. In patients with pleural effusion, the sums of in-phase and out-of-phase impedance changes were calculated for the affected dorsal quadrants. In control patients, the sums of inphase and out-of-phase impedance changes were calculated for both dorsal quadrants separately. For graphical representation ( Fig. 5 ) and to facilitate visual comparison of results with in-phase impedance changes (Fig. 4) , the resulting sums of out-of-phase impedance changes in the affected quadrants were multiplied with a factor of À1.
In patients with pleural effusion, the changes in endexpiratory lung impedance (EELI) in comparison with baseline (before start of drainage) were assessed after 25%, 50%, 75%, and 100% of drainage for both the dorsal lung quadrant on the side of drainage ('affected side') and the contralateral lung quadrant ('unaffected side').
Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Sample size was chosen to detect a 50% difference in out-of-phase impedance changes between the pleural effusion group and the control variables. The diagnostic performance for discrimination between groups was assessed by calculating the area under the receiver operating characteristics curve (AUC). Changes in EELI after 25%, 50%, 75%, and 100% of drainage were assessed using two-way analysis of variance for repeated measures with 'percentage drained' as one factor and 'side' (affected vs unaffected) as the other factor. In a post hoc analysis, the correlation between the volume of effusion drained and the sum of out-of-phase impedance changes, and the correlation between the sum of out-of-phase impedance changes and the dorsal ventilation-related impedance changes were assessed by calculating the Pearson correlation coefficient (r).
Results
A total of 52 patients undergoing imaging with EIT were screened for eligibility. Twenty-one patients were not analysed because the presence of a pleural effusion could not be excluded, but there was no clinical indication for drainage. One patient was excluded from the analysis for poor EIT image quality. A total of 20 patients with pleural effusion and 10 control patients were included and analysed (Fig. 3) . We found no significant differences in age, SAPS II, gas exchange, and other basic patient characteristics between the analysed patients with and without pleural effusion (Table 1 ).
In the control group, six out of 10 patients were in the supine position and four out of 10 patients were in the semi recumbent position during EIT data recording. In the pleural effusion group, 12 out of 20 patients were in the supine position, five out of 20 patients were in the semi recumbent position, and three out of 20 patients were in the sitting position during pleural effusion drainage. The patient position was not changed throughout the recordings.
In patients with pleural effusion, a median of 700 (600e900) ml of pleural fluid was drained after introducing the pigtail catheter.
Arterial blood gas samples were obtained 120 (79) min before drainage of the effusion and 146 (72) min after drainage. PaO 2 /FiO 2 ratio increased from 37.6 (12.7) kPa before drainage to 46.2 (13.9) kPa after drainage (P¼0.03). PaCO 2 showed a small but statistically significant reduction from 5.7 (0.9) to 5.4 (1) kPa (P¼0.01).
The median sum of in-phase impedance changes in the affected dorsal quadrants of patients with an effusion was 504 (292e955) a.u. before drainage and 747 (395e1133) a.u. after drainage (P¼0.04). In control patients, the sum of in-phase impedance changes was 609 (301e800) a.u. and did not differ significantly from patients with pleural effusion before and after drainage (Fig. 4A) .
The overall percentage of ventilation-related impedance changes was 14 (8)% in the affected dorsal quadrant in patients with a pleural effusion before drainage which increased significantly to 22 (10)% after drainage (P¼0.0015). In the dorsal quadrants of control patients, the percentage of ventilationrelated impedance changes was 26 (12)%, significantly higher than in pleural effusion patients before drainage (P¼0.0009) but not significantly different from patients after drainage (P¼0.34) (Fig. 4B) .
The sum of out-of-phase impedance changes was 70 (49e119) a.u. in patients with pleural effusion before drainage and 25 (12e46) a.u. after drainage (P<0.0001). In the control group, the median sum of out-of-phase impedance changes was 11 (6e17) a.u. (P<0.0001 vs pleural effusion before drainage, Fig. 5A ).
For out-of-phase impedance changes, the AUC for discrimination between patients with a pleural effusion (before drainage) and patients without an effusion was 0.96 (95% limits of agreement 0.91e1.01, Fig. 5B ). For a cut-off value of 36 a.u., we found a sensitivity and specificity of 0.85 and 0.95, respectively.
We found a trend towards a negative correlation between the sum of out-of-phase impedance changes and dorsal ventilation, which was not statistically significant (r¼À0.38; P¼0.10; Fig. 6A ).
There was a significant positive correlation between the amount of fluid drained and the sum of out-of-phase impedance changes (r¼0.63, P<0.01; Fig. 6B ).
There was a significant increase in EELI during drainage in both the affected and the unaffected quadrant during drainage (P<0.0001). There was no significant difference between affected and unaffected quadrant at 25% drainage, but a significant difference with higher increase in EELI on the affected side at 50%, 75%, and 100% drainage (P<0.001; Supplementary  Fig. S1 ).
Discussion
Our findings show that out-of-phase impedance changes are common in patients with a pleural effusion and generate the hypothesis that the sum of out-of-phase impedance changes may allow to distinguish between patients with and without pleural effusion with high diagnostic accuracy. Furthermore, we demonstrated that the sum of out-of-phase impedance changes is reduced significantly after initial drainage, without reaching the low level observed in patients without pleural effusion.
The sum of in-phase impedance changes in the affected quadrant of patients with pleural effusion did not differ from the one observed in control patients, whereas there was a small but statistically significant difference in the percentage of ventilation-related impedance changes in the affected quadrant in comparison with control patients. This seemingly contradictory finding can easily be explained by the presence of out-of-phase impedance changes: While out-of-phase impedance changes are excluded when calculating the sum of in-phase impedance changes, the percentage of impedance changes measures the overall sum of in-phase and out-ofphase impedance changes in a quadrant, divided by the sum of in-phase and out-of-phase impedance changes in the whole EIT image. This finding implies that the lower percentage of impedance changes in the quadrant with an effusion is mainly caused by out-of-phase impedance changes, which are reversed when draining a significant amount of fluid. This phenomenon could lead to an underestimation of the true quantity of ventilation in quadrants with a pleural effusion.
Reasons for out-of-phase impedance changes in pleural effusion
In patients with a pleural effusion, the ventilated lung, which constitutes an area of high ventilation-related impedance change, and the effusion, which constitutes an area of relatively low ventilation-related impedance change, are typically located only a few millimetres apart. The EIT image reconstruction algorithms, including the NewtoneRaphson algorithm that is used in PulmoVista 500, cannot precisely follow step changes in conductivity. In areas with step changes in conductivity, this may lead to the observed overshoot (or ringing) phenomenon 1, 16, 17 and seemingly paradoxical 'out-ofphase' impedance changes. 14 
Differential diagnosis of out-of-phase impedance changes
There are other possible causes of out-of-phase impedance changes that need to be considered when applying EIT in clinical practice. As discussed in the previous paragraph, outof-phase impedance changes seem to occur when areas of low impedance are in close proximity to areas of high impedance, such as the ventilated lung. Apart from pleural effusion, in some patients this phenomenon can be detected at the boundary of the cardiac area. This can easily be distinguished from an effusion by means of its anatomical location. While impedance phenomena related to the cardiac area are located medially and in the anterior quadrants of the EIT image, those caused by pleural effusion are typically located laterally and in the posterior quadrants of the EIT image in supine or semi recumbent patients ( Supplementary Fig. S2a and d) .
Placing the EIT belt below the 6th intercostal space frequently causes the upper abdominal organs to be included in the EIT plane, causing out-of-phase impedance changes around the EIT image circumference (Supplementary Fig. S2b ). As the upper abdominal organs constitute an area of low impedance in comparison with the ventilated lung, this is probably caused by the same overshoot phenomenon that may cause out-of-phase impedance changes in patients with pleural effusion. Placement of the EIT belt below the 6th intercostal space should generally be avoided because of a possible loss in sensitivity to ventilation-related phenomena.
14 Artefacts arising from coughing or external chest compression ( Supplementary Fig. S2c ) are other possible reasons for out-of-phase impedance changes. Small areas of outof-phase impedance change have been described previously near the midline of EIT images at the non-ventilated chest side during one-lung ventilation 20 or in a preterm neonate with a large pneumothorax. 21 Occasionally, out-of-phase impedance changes occur as a combination in both cardiac area and pleural effusion (Fig. S2d) . In most cases, artefacts can easily be identified from the typical 'patchy' pattern of impedance changes ( Supplementary Fig. S2c ).
In some patients with moderate to severe acute respiratory distress syndrome under assisted mechanical ventilation, a short and transient decrease in impedance in the nondependent lung regions can be observed, a phenomenon which has been attributed to 'Pendelluft' caused by strong spontaneous breathing efforts. 22 A 'Pendelluft' phenomenon has also been described in patients after single-lung transplantation. 23 This phenomenon differs from the out-of-phase impedance changes in pleural effusion in two ways. First, it is very transient, so the regional decrease in impedance during early inspiration is followed by an increase in impedance during ongoing inspiration in the same region. In contrast, the out-of-phase impedance changes described in this paper appear to 'mirror' the global in-phase impedance signal and do therefore persist during the whole time course of inspiration. This is expected for the overshoot mechanism that has been postulated as a reason for out-of-phase impedance changes in effusion. Second, 'Pendelluft' during spontaneous efforts appears to occur predominantly in the non-dependent lung regions, whereas out-of-phase impedance changes during pleural effusion naturally occur in the dependent lung regions. A small amount of out-of-phase impedance changes was present in control patients as well (Fig. 5 ) and could possibly be explained by some of the abovementioned phenomena, for example, parts of the upper abdominal organs entering the EIT image plane.
Reaeration during pleural effusion drainage
We found a highly significant increase in EELI after effusion drainage on both the affected and unaffected sides of the dorsal hemithorax. This increase is presumably caused by reaeration of formerly non-aerated lung tissues and by the decrease in highly conductive pleural fluid. Distinguishing between these two effects may be difficult in clinical routine and may impair the assessment of end-expiratory lung aeration with EIT during pleural fluid drainage.
Nevertheless, our results also showed a significant increase in regional ventilation-related (in-phase) impedance changes in the quadrants of fluid drainage, which should not be affected by pleural effusion to the same extent as EELI. Therefore, even though the increase in EELI must be interpreted with caution during drainage, the concomitant increase in regional ventilation implies that drainage led to some lung reaeration in the affected dorsal quadrants.
Correlation between volume of pleural effusion and out-of-phase impedance changes
The relatively low correlation (r¼0.63) between the volume of pleural effusion drained and the sum of out-of-phase impedance changes could be explained by some variability in the spatial relationship between the EIT electrode plane and the main location of pleural effusion. Depending on the individual patient's anatomy and pathophysiology, the pleural effusion may have entered the electrode plane to a variable extent. In some patients, the effusion may have been located mainly within the electrode plane, whereas in other patients, only a relatively small part of the effusion may have been in this plane.
Clinical significance
Pleural effusions are common in ICU patients and are associated with impaired gas exchange, restrictive respiratory mechanics, and marked dyspnoea in spontaneously breathing patients. In patients with a pleural effusion, pleural drainage leads to improvements in oxygenation, relief of dyspnoea and, to a variable extent, improved respiratory mechanics. 24 While CT remains the gold standard for the detection of pleural effusion, lung ultrasound has a high diagnostic accuracy and is therefore an excellent radiation-free alternative. In comparison with lung ultrasound, conventional supine chest radiography has a relatively poor diagnostic accuracy in the detection of pleural effusions in ICU patients. 25 Both lung ultrasound and CT cannot be applied continuously for monitoring purposes. In patients undergoing continuous ventilation monitoring with EIT, the observation of out-of-phase impedance changes in the dorsal quadrants should trigger the diagnosis of possible pleural effusion, which should lead to further examination and validation with lung ultrasound. If a diagnosis of pleural effusion is confirmed and pleural drainage is performed, EIT can be used to continuously monitor re-aeration and relief of pleural effusion. However, the overall clinical significance of EIT in the detection and treatment of pleural effusion remains to be established.
Limitations
Our study has some important limitations. We used ultrasound as a reference method for excluding pleural effusion in the majority of patients in the control group, which may be less sensitive for the detection of pleural effusion than CT. However, the examinations were all carried out by an intensivist experienced in lung ultrasound, which should limit observer-dependent bias.
The dorsal lung quadrants were chosen for analysis both for pleural effusion and control patients because we assumed that they would contain the majority of fluid in patients with a pleural effusion. This may not necessarily have been the case in the three patients who were investigated in the sitting position, yet to improve comparability and to avoid any disturbance caused by cardiac-related out-of-phase impedance changes, we decided to investigate the dorsal lung quadrants in all patients.
We investigated a mixed population of patients, some of whom were on mechanical ventilation. The sample size was relatively small, but regarding the large effect of a pleural effusion on out-of-phase impedance changes, sufficiently powered to show clear and statistically significant results. A larger study using CT scans as a reference method would be desirable to confirm our results and to establish the relationship between the sum of out-of-phase impedance changes and the absolute size of an effusion, measured with CT.
Also, we analysed a 'convenience sample', which limits the generalisation of our results. Therefore, our study should be regarded as 'hypothesis-generating' with respect to the accuracy of EIT in diagnosing pleural effusion. Nevertheless, to allow critical appraisal of our results and to limit the risk of bias, we strive to adhere to the Standards for Reporting Diagnostic Accuracy 26 guideline within this paper.
Currently, the calculation of the sum of out-of-phase impedance changes cannot be performed online on the EIT device but rather after download of data to a computer with dedicated EIT data analysis software. Nevertheless, out-ofphase changes are displayed graphically on the 'Ventilation' screen of the EIT device (Figs 1 and 2, Supplementary Fig. S2 ) which allows at least a semi-quantitative bedside assessment. This online display could therefore be helpful in making a 'suspected diagnosis' that would then require further confirmation with other imaging methods.
As EIT is still a relatively new imaging modality, there are currently no generally accepted recommendations concerning which patients might benefit from EIT monitoring. Therefore, the initiation of EIT monitoring was based on the attending physician's individual decision in our study. This might be considered a limitation to the generalisability of our findings.
Conclusions
In conclusion, out-of-phase impedance changes are a typical finding in patients with pleural effusion and decrease significantly with drainage. In patients under monitoring with EIT, the presence of out-of-phase impedance changes in dependent lung quadrants is highly suspicious of pleural effusion and should trigger further examination.
